Thermo-responsive nanofibrous composite membranes for efficient self-cleaning of protein foulants by Vanangamudi, Anbharasi et al.
Thermo-responsive nanofibrous composite 
membranes for efficient self-cleaning of protein 
foulants
This is the Accepted version of the following publication
Vanangamudi, Anbharasi, Dumee, Ludovic, Ligneris, ED, Duke, Mikel and 
Yang, Xing (2019) Thermo-responsive nanofibrous composite membranes for 
efficient self-cleaning of protein foulants. Journal of Membrane Science, 574. 
pp. 309-317. ISSN 0376-7388  
The publisher’s official version can be found at 
https://www.sciencedirect.com/science/article/pii/S0376738818330321
Note that access to this version may require subscription.
Downloaded from VU Research Repository  https://vuir.vu.edu.au/38083/ 
1 
 
Thermo-responsive Nanofibrous Composite Membranes 1 
for Efficient Self-Cleaning of Protein Foulants 2 
Anbharasi Vanangamudi1,2*, Ludovic F. Dumée2, Elise Des Ligneris2, Mikel Duke1 3 
and Xing Yang1* 4 
1Institute for Sustainable Industries & Liveable Cities, College of Engineering and Science, Victoria 5 
University, Melbourne, Australia 6 
2Deakin University, Geelong, Institute for Frontier Materials, 75 Pigdons road, Waurn Ponds, 3216, 7 
Victoria, Australia 8 





Corresponding Authors 14 
*Ms. Anbharasi Vanangamudi 15 
 Email: anbharasi.vanangamudi@live.vu.edu.au; Tel.: +61 399 197 640 16 
*Dr. Xing Yang 17 
Email: xing.yang@vu.edu.au; Tel.: +61 399 197 690 18 
 19 




This study developed a self-clean thermo-responsive nanofibrous poly(vinylidene fluoride) 22 
(PVDF)/nylon-6,6/poly(N-isopropylacrylamide) (PNIPAAm) composite ultrafiltration 23 
membrane consisting of a nylon-6,6/PNIPAAm functional nanofibre layer integrated into a 24 
PVDF substrate. The morphological analysis showed the presence of electrospun nano-nets 25 
branching out from the main nanofibres as PNIPAAm concentration increased, affecting the 26 
pore size distribution and solute rejection. The PVDF/nylon-6,6/PNIPAAm membranes 27 
showed improved surface hydrophilicity below the low critical solution temperature (LCST) 28 
and strong thermo-switchability. With bovine serum albumin (BSA) as the model foulant, the 29 
rejection of the 4 wt% PNIPAAm membranes was greatly improved to above 96%. Through a 30 
two-cycle ultrafiltration study using feed solution containing BSA and CaCl2, the membrane 31 
with 4 wt% PNIPAAm showed superior recovery of water permeance up to 97% assisted with 32 
temperature-change cleaning, compared to the control membrane that only recovered 56%. 33 
Filtration experiments with and without intermediate temperature-change cleaning proved that 34 
the anti-fouling mechanism of the PNIPAAm membranes was strongly associated with surface 35 
wettability and rapid conformation of PNIPAAm polymer chains induced by volume-phase 36 
transition, resulting in reduced protein adsorption and ‘shaking-off’ of the absorbed proteins 37 
from the membrane surface. Such smart responsive membranes have great potential for the 38 
development of easy-to-clean membranes for food and wastewater treatment.   39 
 40 
 41 
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1. Introduction 44 
Continuous surface-contaminant interactions at the membrane interface during ultrafiltration 45 
(UF) causes accumulation of various contaminants instigated by membrane fouling arising 46 
from the interaction between membrane and solutes such as proteins, microbes, colloidal 47 
particles [1]. Fouling causes pore blockage and forms cake layer leading to rapid decline in 48 
membrane permeability, increase in cleaning frequency and eventually diminish membrane 49 
performance [2, 3]. Fouled membranes can be cleaned at regular intervals using chemicals such 50 
as acids and bases or backwashing [4]. Such cleaning disturbs the filtration process and the use 51 
of strong chemicals causes irreversible damage to the membrane, reducing  membrane life time 52 
[5]. One of the most versatile approaches to mitigate fouling and self-clean the membranes is 53 
to alter the membrane surface chemistry by incorporating functional materials materials such 54 
as hydrophilic copolymers [6], biomolecules [7], amphiphilic copolymers [8], responsive 55 
materials [9], zwitterionic compounds [10] and metal oxides [11-13]. The anti-fouling 56 
mechanism is to utilize either the enhanced surface hydrophilicity or dynamic material property  57 
to repel hydrophobic foulants away from the membrane surface to reduce irreversible fouling 58 
[14, 15]. 59 
Thermo-responsive materials have been widely used to create smart surfaces for reversibly 60 
dynamic adsorption and desorption in drug delivery, solute separation and many other fields 61 
[9, 16-18]. Poly(N-isopropylacrylamide) (PNIPAAm) is a well-known temperature-sensitive 62 
polymer with a lower critical solution temperature (LCST) of about 32°C in an aqueous 63 
solution [19, 20]. Below the LCST, the PNIPAAm polymer chains are more hydrophilic and 64 
have an extended conformation in water. Above  the LCST, the polymer chains become 65 
hydrophobic due to cleavage of hydrogen bonds between the amide groups of PNIPAAm and 66 
bound water, which is known as the volume-phase conformational transition (VPT) [21, 22]. 67 
Other than varying the surface wettability, the VPT is also known to induce a reversible rapid 68 
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stretching-shrinking effect of the polymer chains, driving the absorbed solutes to detach from 69 
the surface. Studies found that hydrophobic proteins tend to absorb onto PNIPAAm modified 70 
surfaces above the LCST and desorb below it [23, 24]. Partial or complete desorption of the 71 
absorbed proteins was observed using temperature or rinse cycling (i.e., temperature-change 72 
rinsing) due to the VPT mechanism. Hydrophilicity and segment mobility of polymer chain are 73 
known to be important factors for reducing protein adsorption [25].  The adsorption-desorption 74 
behaviour of proteins is determined by the surface wettability, functional groups and nano-75 
topography [26, 27]. For example, a single-molecule kinetics of protein adsorption was 76 
proposed to explain the different adsorption behaviour of protein onto PNIPAAm grafted dense 77 
and porous nylon 66 films [28]. The results found that the protein attachment was less 78 
favourable on porous surface due to lower Gibbs free energy induced by increased surface 79 
roughness. Such findings have wider implications for developing self-cleaning membranes for 80 
liquid filtration.  81 
In recent decade the concept of PNIPAAm smart interfaces has been extended to separation 82 
membranes for anti-fouling and easy cleaning purposes [29-31]. However, the 83 
understanding is still limited on the protein-membrane attachment behaviour under filtration 84 
conditions where cross-membrane penetration (mass transfer) occurs. Thus far only a handful 85 
of studies were reported on PNIPAAm based membranes with pore size in the UF range, where 86 
protein fouling is a significant issue. For example, PNIPAAm grafted 87 
polydopamine/polyethylene terephthalate (PET) UF membranes demonstrated reduced protein 88 
fouling with 90% flux recovery at 20°C compared to unmodified PET membrane showing only 89 
76% flux recovery in the same cleaning conditions, attributed to the improved surface 90 
hydrophilicity [32]. However, the temperature switchability of the membrane was not 91 
investigated. In another study, the PNIPAAm grafted PVDF/TiO2-g-PNIPAAm 92 
nanocomposite membrane showed increased flux of 212 L.m-2.h-1 at 40°C from a flux of 108 93 
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L.m-2.h-1 at 23°C due to hydrophilic/hydrophobic transition of PNIPAAm polymer brushes 94 
resulting in “open” state of pores above LCST (40°C) [33], demonstrating a flux recovery of 95 
92%  compared to 47% for the control PVDF membranes. The PNIPAAm grafted polyethylene 96 
(PE) membrane was developed together with a simple temperature-change (25°C/35°C) 97 
cleaning method to utilize the reversible VPT mechanism demonstrating 97% flux recovery 98 
after fouled by model protein BSA [34]. Similarly cleaning strategy was used for the 99 
PNIPAAm-grafted ZrO2 membrane that showed 80% flux recovery [31]. Overall, in the above 100 
studies, the self-cleaning behaviour of the membrane was attributed to the enhanced 101 
hydrophilicity below LCST via the addition of PNIPAAm, facilitating foulants desorption. 102 
While few other studies hypothesized that the rapid stretching-shrinking effect during the VPT 103 
of PNIPAAm polymer chains is responsible for loosening and shaking off protein foulants. 104 
Also the above-mentioned PNIPAAm based membranes are prepared by graft polymerization 105 
method that is complex and requires highly-specialized treatment. Facile fabrication methods 106 
and versatile substrates with abundant moieties for high density functionalization are still 107 
needed for developing dynamic PNIPAAm-based membranes for effective fouling control. 108 
In this study, a facile electro-spinning method is used to fabricate thermo-responsive 109 
PVDF/nylon-6,6/PNIPAAm composite membrane to create desirable nanofibrous topography 110 
and pore structure for UF applications. The electrospun nanofibrous layer with nylon/ 111 
PNIPAAm blend is expected to exhibit enhanced hydrophilicity and thermal responsivity, as 112 
result of the high density of surface functional moieties due to its high surface to volume ratio. 113 
The impact of the PNIPAAm concentration on the nanofibre structure, thermo-responsive 114 
properties and membrane performance will be studied. Specifically, the thermo-switchability 115 
of the PNIPAAm containing membranes will be evaluated via contact angle measurements. 116 
The anti-fouling and self-cleaning mechanisms of the membranes will be revealed through a 117 
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series of filtration experiments with model foulant BSA, assisted with intermediate 118 
temperature-change cleaning with clean water. 119 
 120 
2. Experimental 121 
2.1. Materials and Chemicals 122 
PVDF Kynar 761 grade (melting point 165-172°C) was purchased from Arkema Pte. Ltd., 123 
Singapore. The following chemicals were purchased from Sigma Aldrich and used as-received: 124 
poly (N-isopropylacrylamide) (PNIPAAm) (Mw 113 g/mol, Mn 40,000), polyamide-6,6 (nylon-125 
6,6) (Mw 262.35 g/mol), poly(vinylpyrrolidone) (PVP-K-40) (Mw 40,000), bovine serum 126 
albumin (BSA) (Mw 66 kDa) as model protein, formic acid (>95%), N,N’-dimethylacetamide 127 
(DMAC) (99.8%), 75% ethanol, glycerol (>99.5%), calcium chloride (CaCl2) and sodium 128 
chloride (NaCl). Deionized (DI) water was obtained from the Milli-Q plus system (Millipore, 129 
Bedford, MA, USA). 130 
2.2. Fabrication of thermo-responsive PVDF/nylon-6,6/PNIPAAm composite membrane 131 
The thermo-responsive PVDF/nylon-6,6/PNIPAAm composite membranes were prepared 132 
based on the fabrication procedure similar to our previous work, where the PVDF cast layer 133 
was used as the substrate to achieved desirable pore structure in UF range, as well as to 134 
strengthen the mechanical property and avoid deformation issue of free-standing nanofire 135 
membranes [13]. Briefly, the membranes were prepared by three successive steps, (1) 136 
electrospinning of blend solution of 10 wt% nylon-6,6 and different PNIPAAm concentrations 137 
(1 to 7 wt% PNIPAAm dispersed in nylon-6,6 solution), carried out at fixed spinning 138 
conditions a voltage of 17 kV and flow rate of 0.25 mL/h with 150 mm tip to collector distance 139 
to obtain thermo-responsive functional nanofibre mat, (2) conventional casting of the PVDF 140 
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dope solution with previously optimized composition of 18 wt% PVDF and 8 wt% PVP in 141 
DMAC solvent to ensure consistent pore structure of the substrate layer [13], which was 142 
prepared by continuous stirring at 50°C overnight, on to the nanofibre mat and (3) phase 143 
inversion of the composite film prepared from step (1) and (2) by immersing into a coagulation 144 
tank of DI water at 25°C to remove residual solvent. The nascent membranes were post-treated 145 
by immersing in to a mixture of glycerol, ethanol and DI water in the ratio 2:1:2 (vol%) and 146 
was then dried finally before characterisation. Similarly, the control PVDF/nylon-6,6 147 
membrane was prepared without the addition of PNIPAAm.  148 
2.3. Membranes characterisation 149 
It is noted that the PVDF substrate was made of the same dope composition (Section 2.2) for 150 
all membranes, which was previously optimized to ensure consistent pore structure [13], thus 151 
the  characterization of the current composite membrane was mainly focused on the functional 152 
layer of nylon-6,6/chitosan nanofibres.  153 
The surface morphology of the as-prepared PVDF/nylon-6,6/PNIPAAm membranes was 154 
observed using scanning electron microscopy (SEM) (ZEISS SUPRA 55VP, Germany) with 155 
an accelerating voltage of 5 kV and working distance of 10 mm. Prior to imaging using SEM, 156 
the membrane samples were sputter coated with 5 nm gold layer in high vacuum using a Leica 157 
EM ACE600. The average nanofibre diameters of the membranes and density of nano-nets 158 
were evaluated from the SEM images using ImageJ software. Transmission electron 159 
microscopy (TEM) imaging was conducted using JEOL TEM 2100F, operating at an 160 
accelerating voltage of 200 kV and beam current of 130 µA to study the distribution of 161 
PNIPAAm (lighter regions with Mw: 113 g/mol) and nylon-6,6 (darker regions with Mw: 262 162 
g/mol) in the nanofibre mat. The TEM samples were mounted on 300 nm mesh copper grids 163 
coated with carbon formvar.  164 
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The dynamic water contact angles (CAw) of the as-prepared membranes were measured using 165 
an optical contact angle meter CAM101 (KSV Instruments, Finland) to examine the switchable 166 
surface hydrophilicity at 22°C (below LCST) and 50°C (above LCST). The required 167 
temperature of the membrane samples was achieved by adjusting the voltage of the source 168 
meter connected to the heating pad on which the samples are mounted. Prior optimisation of 169 
corresponding temperatures and feed voltages of the heating mats were established before 170 
mounting the heating pad on the contact angle meter. Each membrane sample was cut into thin 171 
rectangular strips, and the two edges of the membrane were pasted onto the heating pad with 172 
sticky tape. A glass syringe filled with DI water was then used to dispense about 4 µL droplet 173 
through a needle onto the membrane surface. Each measurement was recorded every 5 s over 174 
the duration of 60 s.  175 
The mean pore size and pore size distribution of the membranes were measured using a 176 
Porometer 3Gzh from Quantachrome. The membrane samples of 25 mm diameter each were 177 
completely wetted in the PorofilTM liquid before analysis and then placed in the sample holder. 178 
Each sample was subjected to pressures from 6.4 to 34 bar for wet and dry run to measure the 179 
mean pore size. The pore size was measured three times for each membrane to obtain the 180 
average pore size. The mechanical properties of the membranes were studied using an Instron 181 
universal materials testing machine (Model 3360) with a load cell of 50 N and a loading 182 
velocity of 25 mm/min. Each membrane sample of dimension of 10 x 60 mm2 was tested three 183 
times to achieve average values of tensile stress and strain. 184 
2.4. Membrane performance and fouling studies 185 
The clean water permeance was determined using a dead-end filtration cell with an effective 186 
membrane area of 8.55 x 10-4 m2 at room temperature (22°C). The membrane was placed in 187 
dead-end stirred cell and 50 mg/L NaCl feed solution was allowed to flow through the 188 
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membrane at 100 kPa pressure created using compressed nitrogen. The amount of permeate 189 
collected per minute was recorded at room temperature and the clean water permeance (P) in 190 
L.m-2.h-1.bar-1 was calculated. The measurement was repeated three times and averaged to 191 
provide a mean permeance value. Similarly, feed solution containing 1000 mg/L BSA and 50 192 
mg/L NaCl in DI water was filtered through the membrane to measure the flux as well as 193 
rejection ‘R’ of BSA in percentage (%) [13].  194 
The fouling resistance and self-cleaning ability of the thermo-responsive membranes was 195 
evaluated using a cross flow UF set up having an effective membrane area of 42 x 10-4 m2 and 196 
flow velocity of 12.6 cm.s-1. BSA has a molecular weight of 66 kDa and is used as a model 197 
protein foulant in filtration studies [35]. Here, the prepared feed solution contained 1 mg/mL 198 
BSA, 7 mM NaCl and 1 mM CaCl2 in DI water. The CaCl2 added to the feed solution represents 199 
the practical fouling environment through forming Ca2+-protein complexes [36]. The 200 
membranes were initially exposed to 15 min of compaction using DI water at 120 kPa at RT. 201 
Each UF experiment had 2 cycles and each cycle included the filtration of the prepared feed 202 
solution at 22°C for 1 h followed by an intermediate temperature cleaning with DI water at 203 
50°C for 15 min. To confirm the thermo-responsive effect of the membrane, two-cycle fouling 204 
experiments at a constant solution temperature of 22°C without cleaning were performed and 205 
compared with the same experimental condition including with intermediate temperature 206 
cleaning at 22°C.  207 
To measure protein fouling, the rate of permeance decline (RPD) after each cycle was calculated 208 
using the equation, 209 
                  𝑅𝑃𝐷 (%) = [1 − (
𝑃𝑒(𝑛)
𝑃
)] ∗ 100       (1) 210 
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where Pe(n) is the final feed permeance in n
th cycle. Further, to study the self-cleaning property 211 
of membranes, the permeance recovery after the intermediate temperature cleaning at 50°C 212 
was calculated using the equation, 213 
                    𝑃𝑅𝑅 (%) =
𝑃𝑤(𝑛)
𝑃
∗ 100                  (2) 214 
where Pw(n) is the clean water permeance in n
th cycle. Finally, the surfaces of thermo-responsive 215 
and control membranes after 2 cycles of filtration were imaged using SEM to visualise and 216 
compare the antifouling and self-cleaning properties. 217 
 218 
3. Results and discussion 219 
3.1. Membrane pore and nanofibre morphology and correlation to mechanical properties 220 
With the PNIPAAm concentrations varied in the dope solution of nylon-PNIPAAm mixture, 221 
the surface morphology of a series of thermo-responsive membranes was examined using SEM 222 
images as shown in Figure 1. Figure 1a presents the surface of the control membrane without 223 
PNIPAAm; while Figure 1b to 2h indicate surfaces of membranes containing 1 to 7 wt% 224 
PNIPAAm. The SEM images illustrate that the size of the nanofibres increases and the 225 
uniformity of the fibre size varies with increasing PNIPAAm dosage at fixed electro-spinning 226 
spinning conditions (Section 2.2), mainly due to the change in dope composition and viscosity. 227 
Membranes with no PNIPAAm and 1 wt% PNIPAAm show homogenous nanofibres with 228 
diameters of 83 ± 27 nm and 93 ± 18 nm, respectively; whereas, membranes containing 2 to 7 229 
wt% PNIPAAm show non-homogenous fibre diameters and the presence of nano-branched 230 
structure called nano-nets, which was branched out from the larger nanofibres. The main larger 231 
fibre diameters for membranes with 2 to 7 wt% PNIPAAm were measured and are given in 232 
Table S1. It was found that the deviations of the main fibre diameters are quite large at high 233 
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PNIPAAm concentration such as 6 wt% (812 ± 409 nm) and 7 wt% (500 ± 216 nm). The non-234 
uniformity of the fibre diameter is possibly related to the higher degree of non-homogeneity of 235 
the nylon-6,6/PNIPAAm solution, due to the agglomeration of PNIPAAm at high 236 
concentration [37]. Such finding is consistent with the current experimental observation on the 237 
increased cloudiness of the nylon-6,6/PNIPAAm solution at increased PNIPAAm 238 
concentration. It was observed that the development of branched nanofibres (i.e., nano-nets) 239 
increased significantly with increasing PNIPAAm concentration, i.e., 1 wt% PNIPAAm was 240 
not sufficient to create nano-nets; while 2-7 wt% PNIPAAm was effective in creating the nano-241 
net structure. The formation of nano-nets can be attributed to the reduced intermolecular force 242 
between the nylon-6,6 molecules and increased viscosity with the addition of PNIPAAm 243 
polymer, causing the splitting of the jet during electrospinning [37, 38]. Overall, the integration 244 
of the PVDF substrate and nylon/PNIPAAm nanofibre layer was considered similar to that 245 
previously reported electro-spun composite membranes, where the cross-section images 246 
indicated a optimal degree of penetration of nanofibre layer into the substrate and hence 247 
improved layer compatibility and stability at selected dope compositions [13].   248 
 249 
Figure 1. SEM images of PVDF/nylon-6,6/PNIPAAm membrane surfaces with PNIPAAm of 250 
various concentrations (a) no PNIPAAm, (b) 1 wt%, (c) 2 wt%, (d) 3 wt%, (e) 4 wt%, (f) 5 251 




However, the distribution of nano-nets on the membrane surface was found to be non-254 
homogenous. As shown in Figure S1, the surface density coverage of the nano-nets for 255 
membranes prepared with 2 to 7 wt% PNIPAAm was found to be <10%, that may affect the 256 
water flux and rejection performance of the membranes. The distribution of PNIPAAm in the 257 
nanofibres was studied by performing TEM analysis on the fibres as given in Figure S2. It was 258 
noticed that the PNIPAAm appeared to be distributed homogenously across the nanofibre and 259 
no phase separation between the nylon-6,6 and PNIPAAm polymers was visible at any of the 260 
concentrations. Further, the average thickness of the as-prepared membranes was presented in 261 
Table S1 and found to increase from 247 ± 7 to 272 ± 12 µm for membranes with increasing 262 
PNIPAAm concentration from 1 to 7 wt%, respectively.  263 
As the composite membrane consisted of a PVDF substrate and a nylon/PNIPAAm functional 264 
layer, the pore structure formed by the nanofibres on the surface (Figure 1) does not fully 265 
represent the pore structure of the entire membrane. Thus, the mean pore sizes and overall pore 266 
size distributions of the composite membranes were measured separately using a capillary-flow 267 
porometer [13]. Figure 2 compares the differential pore distributions of the as-prepared 268 
membranes in terms of pore diameters that impacts the membrane permeability and selectivity. 269 
The membranes containing no PNIPAAm and 1 wt% PNIPAAm exhibit similar narrow 270 
distribution curves; while the other membranes containing 2 to 7 wt% PNIPAAm have wider 271 
bimodal distribution curves indicating the co-existence of small and large pores, which are 272 
possibly contributed by the respective main nanofibres and the nano-nets, as observed in Figure 273 
1c-1h. The results show that these pores can be altered by varying the PNIPAAm concentration 274 
of the nanofibre layer, where for all as-prepared membranes the PVDF substrate remained at 275 
its optimal structure developed previously [13]. The mean pore size distributions of the 276 
membranes are given in Table S1. It can be observed that the membranes with no PNIPAAm 277 
and 1 wt% PNIPAAm content showed almost similar mean pore size of about 47 nm due to 278 
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the similar nanofibre arrangement as noticed from SEM images in Figure 1a-1b. Further, the 279 
mean pore sizes of the membranes with 2 to 4 wt% PNIPAAm decreased with increasing 280 
PNIPAAm concentration due to the formation of nano-nets that contributed to smaller pores 281 
(as seen from Figure 1c-1e). However, the mean pore sizes for membranes with 5 to 7 wt% 282 
PNIPAAm increased instead, possibly due to the larger nanofibre diameter (as observed from 283 
Figure 1f-1h) that produced larger pores. Hence, the non-homogenous distribution of nano-nets 284 
on the membrane surface contributed to bimodal pore size distribution and the overall pore size 285 
of the membrane was influenced by the combined structure of large main nanofibres, branched 286 
nano-nets and the PVDF substrate.  287 
 288 
Figure 2. Differential pore number (in %) distributions of PVDF/nylon-6,6/PNIPAAm 289 
membranes containing 1 to 7 wt% PNIPAAm and  PVDF/nylon-6,6 membrane without 290 
PNIPAAm. 291 
 292 
The mechanical properties of the membranes indicate material strength and elasticity that are 293 
essential for widespread applications. The as-prepared membranes were evaluated for tensile 294 
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stress as a function of strain at break (%) as presented in Figure S3. The mechanical properties 295 
are strongly dependent on the morphological structure of composite membranes and the 296 
interaction among the nanofibres. Figure S3 demonstrates that the tensile strength of the 297 
PVDF/nylon-6,6/PNIPAAm membranes with PNIPAAm concentration from 1 to 6 wt% was 298 
higher than the control membrane possibly due to the main fibres acting as skeleton and the 299 
nano-nets acting as connectors bonded with the main fibres through entanglement [39]. 300 
Increased stress and strain noticed for the membrane with 4 wt% PNIPAAm compared to other 301 
as-prepared membranes was attributed to better interconnectivity (bonding) between the main 302 
nanofibres and the nano-nets in the membrane. However, the highest modulus of elasticity 303 
observed for membrane with 6 and 7 wt% PNIPAAm (Table S1) represents greater stiffness of 304 
the membrane compared to other membranes, due to higher PNIPAAm concentration that can 305 
agglomerate and form interconnected bonding between the nanofibres and nano-nets. 306 
3.2. Impact of PNIPAAm loading on membrane wettability and thermo-switchability 307 
The dynamic contact angles of water (CAw) were measured over 60 s at 22°C and 50°C and 308 
are given in Figure 3a and 3b, respectively, to evaluate the surface wettability  of the thermo-309 
responsive PVDF/nylon-6,6/PNIPAAm membranes. The CAw for the PNIPAAm containing 310 
membranes at 22°C exhibit a faster attenuation compared to the control membrane, as shown 311 
in Figure 3a. This fast decreasing tendency was due to the addition of PNIPAAm that have a 312 
hydrophilic extended conformation below its LCST (32°C) which absorbs water drop by 313 
forming hydrogen bond between the amide groups of PNIPAAm and water. Also, it was 314 
noticed that at 22°C, the membranes with 3 and 4 wt% PNIPAAm reached the lowest CAw, 315 
11.6° and 10.5° respectively, after 60 s, indicating improved hydrophilicity. While the 316 
membranes with no PNIPAAm presented the highest final CAw of 42.4°. This was attributed 317 
to the sufficient addition of PNIPAAm in membranes containing 3 and 4 wt% PNIPAAm that 318 
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presents homogenous dope solution for electrospinning and hence optimal distribution of 319 
PNIPAAm on the membrane surface, forming stable hydrogen bonding with water which 320 
results in better hydrophilicity compared to other membranes. Figure 3b shows the dynamic 321 
CAw at 50°C of all membranes. For control membrane, the CAw attenuation was similar at both 322 
22°C and 50°C exhibiting no thermal response. The initial CAw values for all PNIPAAm 323 
containing membranes were higher at 50°C compared to those at 22°C, owing to the 324 
contraction state of the polymer chains above LCST resulting in relatively hydrophobic surface 325 
property. Generally, at 50°C, the PNIPAAm containing membranes show less significant 326 
reduction in CAw compared to the control membrane. For example, the CAw of membrane with 327 
4 wt% PNIPAAm at 22°C decreased from 56° to below 11° after 60 s, while it only declined 328 
from 77° to 50° when measured at 50°C. The lower reduction of CAw is ascribed to the 329 
hydrophobic coiled shrinkage of PNIPAAm above its LCST that hinders the diffusion of water 330 
on the membrane surface.  331 
 332 
Figure 3. Dynamic water contact angles (CAw) of the thermo-responsive membranes with 333 
contact time for 60 s at (a) 22°C, (b) 50°C; and (c) thermo-switchable CAw of thermo-334 
responsive membranes at 22°C and 50°C       335 
 336 
The thermo-switchable CAw of the membranes was investigated through measuring their initial 337 
CAw by switching the temperature between 22°C and 50°C. The results are presented in Figure 338 
3c via double arrows indicating the swelling and deswelling states of the polymer chains. It 339 
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was observed that the control membrane exhibited no CAw switchability. In contrast, the 340 
membranes containing 1 to 7 wt% PNIPAAm showed switchable CAw between 22°C and 341 
50°C. Specifically, membranes with 3 and 4 wt% PNIPAAm exhibited the most significant 342 
CAw switchability from 56.9° to 83.9° and from 56.4° to 76.8°, at the respectively, 343 
corresponding to the respective swelling and deswelling states induced by the VPT of 344 
PNIPAAm, This again could be attributed to the homogeneous distribution of PNIPAAm 345 
polymer in the dope solution and hence on the membrane surface via the formation of optimally 346 
interconnected nanofibres and nano-nets, which was confirmed by the surface morphology in 347 
Figure 1.  348 
3.3. Membrane performance evaluation 349 
Figure 4a shows the clean water permeance for PVDF/nylon-6,6/PNIPAAm membranes and 350 
the control at 22°C. It can be noticed that the addition of PNIPAAm into membranes caused a 351 
significant decline in water permeance. Specifically, the overall water permeance of control 352 
membrane was 849 L.m-2.h-1.bar-1, which is much higher than that of the PNIPAAm containing 353 
membranes, for example, 46% higher than that for the membrane with 1 wt% PNIPAAm. This 354 
permeance decline was attributed to a combination of changes in membrane properties such as 355 
nanofibre diameter, membrane thickness, pore size distribution and hydrophilicity that may 356 
increase the mass transfer resistance. The overall water permeance of the membrane with 6 and 357 
7 wt% PNIPAAm was the highest (about 640 L.m-2.h-1.bar-1), and it decreased with descending 358 
PNIPAAm concentration to 552 L.m-2.h-1.bar-1 at 1%. Interestingly, the water permeance of the 359 
thermo-responsive membrane in this work was at least 3-fold higher than the previously 360 
reported PVDF-g-PNIPAAm [40] and PVDF/PNIPAAm (blended) membranes [41] 361 
respectively, operated at the same feed pressure of 100 kPa at ambient temperature. 362 
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The water permeance and solute rejection of the thermo-responsive membranes were evaluated 363 
using the model feed solution in dead end UF mode. The results are shown in Figure 4b. It is 364 
observed that the permeance declined consistently with the amount of incorporated PNIPAAm 365 
due to the combined changes of membrane properties including morphology (Figure 1), pore 366 
structure (Figure 2) and surface wettability (Figure 3). On the other hand, an increasing trend 367 
of the BSA rejection rates was observed from 71.4% for the control membrane to 96.6% for 368 
the membrane with 4 wt% PNIPAAm.. Although the 4 wt% PNIPAAm membrane exhibited 369 
pore size of ~20nm, its high rejection to BSA protein (~7nm [35]) can be explained via the 370 
following mechanism: 1) the electrostatic repulsion of negatively charged proteins from the 371 
membrane pores as indicated in our previous study on nanofibre-based PVDF membranes [13] 372 
and literature [42]; 2) the formation of nanomaterials on the microstructure substrate resulted 373 
in multi-scale morphology and was known to induce synergistic effect that enhance the 374 
rejection performance [43]; 3) the inter- (protein-protein) and intra-molecular (protein-mineral) 375 
interactions commonly result in agglomeration of solutes in the solution and hence improve 376 
rejection. However, a further increase in PNIPAAm content from 5 to 7 wt% in membranes 377 
cause a decrease in BSA rejection down to 77.2% at 7 wt% owing to uneven pore distribution 378 
(Figure 2) and variation in morphological structure (Figure 1). Overall, the responsive 379 
membranes with 3 and 4 wt% PNIPAAm present the optimal rejection of protein, which is also 380 
consistent with their most sensitive switchability of water contact angle amongst all thermo-381 
responsive membranes (Figure 3). In addition, the BSA rejection of the composite membrane 382 
with 4 wt% PNIPAAm was noted to be higher than that of the PVDF/PNIPAAm blend 383 
membrane reported in literature as 78% [41], which may be attributed to the formation of the 384 
nanonets on the membrane surface (Figure 1) and variation of surface hydrophilicity due to the 385 
incorporation of PNIPAAm, as well as the integration between the nanofibre layer and PVDF 386 
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substrate that results in the formation of pore structure suitable for UF applications to achieve 387 
both high permeability and solute rejection. [13].  388 
 389 
Figure 4. Filtration performance of control and PVDF/nylon-6,6/PNIPAAm membranes 390 
containing 1 to 7 wt% PNIPAAm at room temperature and 100 kPa pressure in dead-end stirred 391 
cell (a) Clean water permeance with 50 mg/L NaCl solution; (b) Water permeance and BSA 392 
rejection with 1,000 mg/L BSA and 50 mg/L NaCl solution. 393 
 394 
With the control membrane as benchmark, the thermo-responsive self-cleaning ability of the 395 
PNIPAAm membranes was revealed through a series of filtration experiments with BSA 396 
solution containing CaCl2. In particular, the composite membranes with no PNIPAAm, 2, 4 397 
and 6 wt% PNIPAAm was investigated through fouling experiments. The results are shown in 398 
Figure 5, where (1) Figure 5a shows the water permeance results of all membranes from 399 
continuous filtration of BSA solution at 22°C without intermediate cleaning; (2) Figure 5b 400 
shows the water permeance throughout the compaction test with DI water at 22°C, followed 401 
by two consecutive filtration cycles with the model BSA solution at 22°C with intermediate 402 
temperature cleaning at 50°C; (3) Figure 5c compares the results of the 4% PNIPAAm 403 
membrane with intermediate cleaning at 22°C and 50°C, respectively. Lastly, Figure 5d 404 
summarizes the rate of permeance decline (RPD) that was calculated to indicate the protein 405 
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fouling resistance of the as-prepared membranes, based on the permeance patterns observed in 406 
Figure 5b.  407 
Firstly, Figure 5a shows continuous decline in permeance for all membranes indicating that 408 
regardless of membrane types, fouling has continued to develop at 22°C and without 409 
intermediate cleaning. However, the membrane with 4 wt% PNIPAAm shows the slowest 410 
decline, which is consistent with its more hydrophilic property at 22°C (Figure 2). Secondly, 411 
the results in Figure 5b show that in the initial compaction tests with DI water, the thermo-412 
responsive membranes exhibited lower initial water permeance compared to the control 413 
membrane, which is consistent with the observation in Figure 4. This is attributed to the 414 
addition of PNIPAAm instigating changes in pore size distribution caused by an increase in 415 
nanofibre diameter and increased membrane thickness (Table S2). The overall pattern of 416 
permeance for membranes with PNIPAAm, throughout the filtration study, is flatter than that 417 
of the control membrane, indicating better recovery of performance after temperature cleaning. 418 
In particular, the membrane with 4 wt% PNIPAAm was found most promising with minimal 419 
permeance decline compared to other membranes, i.e., in the second filtration cycle with the 420 
BSA solution, the temperature cleaning at 50°C for membrane with 4 wt% PNIPAAm was 421 
most effective to recover 96% of the first cycle permeance; whereas the membranes with 2 and 422 
6 wt% PNIPAAm recovered about 67% and 75% of the first cycle  permeance, respectively, 423 
as compared to the control membrane with only 56% permeance recovery. The higher 424 
permeance recovery by membrane containing 4 wt% PNIPAAm as a result of self-cleaning is 425 
ascribed to the good surface hydrophilicity (Figure 2a) and inherent washing force provided by 426 
the conformational volume-phase transition causing the PNIPAAm polymer chain to stretch 427 
and shrink [30]. The optimal results achieved with the 4 wt% PNIPAAm compared to 2 and 6 428 
wt% PNIPAAm are attributed to stronger thermo-switchability as indicated via the CAw of the 429 
respective membranes (Figure 3). Previous studies also found that the protein 430 
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adsorption/desorption behaviour of PNIPAAm modified surfaces could be related to combined 431 
effects of physical properties, i.e., surface wettability, PNIPAAm content/density and polymer 432 
molecular weight, which could play a key role in forming anti-fouling surfaces as filtration 433 
membranes [23].  434 
Further confirmation of the role of thermo-responsivity on fouling control, the 4% PNIPAAm 435 
membrane was selected to compare the performance with intermediate cleaning at 22°C and 436 
50°C, respectively. It was shown that for the 4 wt% PNIPAAm membrane the intermediate 437 
temperature cleaning at 50°C was more effective than that at 22°C, confirming the 438 
incorporation of PNIPAAm has reduced the attachment of protein foulants, due to the 439 
conformational volume-phase transition as the solution temperature was switched from below 440 
(i.e., 22°C) to above (i.e., 50°C) the LCST during intermediate cleaning. Also, it is noted that 441 
the pure water permeance during cleaning at 50°C increased, as shown in Figure 5b and 5c, 442 
which can be explained by the shrunken state of the PNIPAAm chains that resulted in enlarged 443 





Figure 5. Protein fouling studies for control and PVDF/nylon-6,6/PNIPAAm membranes 447 
containing 2, 4 and 6 wt% PNIPAAm. (a) Permeance of continuous filtration test without 448 
intermediate cleaning. (b) Permeance of filtration test with intermediate temperature cleaning 449 
at 50°C.(c) Comparison of permeance of filtration test with intermediate cleaning at 22°C and 450 
50°C for membrane containing 4 wt% PNIPAAm. (d) RPD for 2 filtration cycles with 50°C 451 
cleaning illustrated in Fig 6b. Experimental Conditions: Pressure = 100 kPa, cross-flow 452 
velocity = 12.6 cm.s-1, feed solution containing 1 g/L BSA, 1 mM CaCl2 and 7 mM NaCl. 453 
 454 
Based on the permeance patterns observed for all membranes in Figure 5b, the rate of 455 
permeance decline (RPD) was calculated and summarized in Figure 5d to indicate the protein 456 
fouling resistance. During the first filtration cycle, the thermo-responsive membrane containing 457 
4 wt% PNIPAAm exhibited the lowest RPD of 26%, compared to others membranes including 458 
the control with an RPD of 36%. Relatively membranes with 2 and 6 wt% PNIPAAm also had 459 
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higher RPD of 42% and 58% respectively. The lower RPD of membrane containing 4 wt% 460 
PNIPAAm was attributed to the decreased surface-protein interaction resisting BSA adsorption 461 
as a result of improved hydrophilicity (Figure 2a), higher steric repulsion and water hydration 462 
forces by the addition of PNIPAAm [32]. The results were promising when compared to the 463 
literature reported PVDF-g-PNIPAAm membrane having a permeance recovery of 80% in 30 464 
min of filtration using a pure BSA solution of 0.5 g/L [40]; while the current as-prepared 465 
membrane containing 4 wt% PNIPAAm showed a permeance recovery of 91% in 30 min 466 
filtration (Figure 5d) using a more realistic model feed solution containing BSA, CaCl2 and 467 
NaCl, which simulates a more complex yet practical fouling environment. This confirmed the 468 
theory that the improved hydrophilicity below LCST and more significant thermal 469 
switchability leading to stronger segment mobility of polymer chains are beneficial for 470 
reducing protein adsorption [26].  471 
Further, during the second filtration cycle, the membranes exhibited distinct fouling behaviours 472 
with an increased RPD of 59%, 40% and 67% for membrane containing no (control), 2 and 6 473 
wt% PNIPAAm, respectively; whereas the RPD for membrane with 4 wt% PNIPAAm remained 474 
almost the same (25%). The trends of permeance decline and post-cleaning recovery can be 475 
further confirmed by the morphological changes in the filtrati. /on study, as shown in SEM 476 
images of fouled membranes in Figure 6. The membranes containing 2 and 4 wt% PNIPAAm 477 
showed much reduced protein deposition presenting clear surface compared to the membranes 478 
containing no PNIPAAm and 6 wt% PNIPAAm that showed heavy fouling. This is attributed 479 
to the lower RPD of membrane containing 4 wt% PNIPAAm and better thermo-switchable 480 
contact angles causing similar volume phase transition during cleaning compared to other 481 





Figure 6. SEM images of protein fouled control and PVDF/nylon-6,6/PNIPAAm membranes 485 
containing 2, 4 and 6 wt% PNIPAAm after two filtration cycles (Experimental conditions: 486 
pressure = 100 kPa, cross-flow velocity = 12.6 cm.s-1, feed solution = 1 g/L BSA, 1 mM CaCl2 487 
and 7 mM NaCl) 488 
 489 
Overall, the membrane containing 4 wt% PNIPAAm revealed superior fouling resistance with 490 
reduced protein-surface interactions, led to lower permeance decline after each BSA filtration 491 
cycle and more effective intermediate cleaning. The much higher permeance recovery in each 492 
cycle after the temperature-change intermediate cleaning was contributed by  the self-cleaning 493 
property of membrane based on the following theories: 1)  the improved surface hydrophilicity 494 
allows less interaction of proteins with the membrane; 2)  the temperature-change cleaning 495 
between the filtration cycles provides the washing force for disrupting the protein fouling layer 496 
due to the alternating polymer chain contraction (>LCST) and stretching (<LCST) induced by 497 
volume-phase transition, which causes the formation of inter- and intra-molecular hydrogen 498 
bonds between the hydrophilic moieties of PNIPAAm and the water molecules [31]. Overall, 499 
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the surface wettability and nano-topography of the proposed composite membranes were 500 
considered responsible for enhancing the thermo-responsivity and hence improving anti-501 
fouling and self-cleaning effects during filtration.  502 
4. Conclusions 503 
In this work a highly protein-fouling-resistant and self-cleaning PVDF/nylon-504 
6,6/PNIPAAm composite ultrafiltration membrane was fabricated via a two-step 505 
electrospinning and conventional casting process. The morphological analysis of PVDF/nylon-506 
6,6/PNIPAAm membranes demonstrated non-homogenous distribution of nano-net structures 507 
on the membrane surface that affected the pore size distribution and solute rejection of the 508 
membranes. Compared to control membrane, the PVDF/nylon-6,6/PNIPAAm membrane 509 
exhibited good antifouling properties and improved membrane performance during filtration 510 
of feed solution containing BSA, CaCl2 and NaCl. Following a facile intermediate temperature 511 
change cleaning from 22°C to 50°C, the thermo-responsive membrane showed the best 512 
recovery of water permeance, where the detachment of absorbed proteins could be explained 513 
by the improved surface hydrophilicity below LCST and segment mobility of polymer chain 514 
induced by volume-phase transitional of PNIPAAm at switchable temperatures. Therefore, the 515 
as-developed PVDF/nylon-6,6/PNIPAAm composite membrane with self-cleaning surface has 516 
great potential in treating effluents with protein foulants. Future studies could be done to 517 
explore the ability of the proposed membrane in the applications involving complex real 518 
wastewater matrices such as the combined effect of polysaccharides (e.g., humic acid) and 519 
macromolecules (e.g., proteins). Systematic investigations on the inter- and intra-foulant-520 
species interactions, and foulant-membrane interactions associated with the thermo-responsive 521 
effect of the membrane material would be of great interest and beneficial for industrial 522 
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Supporting Information: 549 
 550 
Figure S1. SEM images of PVDF/nylon-6,6/PNIPAAm membrane surfaces with (a) 2 wt%, 551 
(b) 3 wt%, (c) 4 wt%, (d) 5 wt%, (e) 6 wt% and (f) 7 wt% PNIPAAm and the percentage density 552 
























0 83±27 245±8 47 35.12 
1 93±18 247±7 48 45.36 
2 177±18 254±8 36 24.59 
3 229±18 259±9 32 31.08 
4 312±63 263±12 26 30.11 
5 479±130 266±10 48 24.91 
6 812±409 270±10 52 46.06 






Figure S2. TEM images of PVDF/nylon-6,6/PNIPAAm fibres with 0, 2, 4 and 6 wt% 566 
PNIPAAm. The large thickness of the fibres prevented appropriate imaging of their structure. 567 
The TEM sample preparation was difficult due to the strong agglomeration of the fibres. The 568 




Figure S3. Stress vs strain curves of control and PVDF/nylon-6,6/PNIPAAm membranes with 571 
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